Exposure analysis is a crucial part of effective management of public health risks caused by pollutants and chemicals in our environment. During the last decades, more data required for exposure analysis has become available, but the need for direct population based measurements of exposures is still clear. The current work (i) describes the European EXPOLIS study, designed to produce this kind of exposure data for major air pollutants in Europe, and the database created to make the collected data available for researchers (ii) reviews the exposure analysis conducted and results published so far using these data and (iii) discusses the implications of the results from the point of view of research and environmental policy in Europe. Fine particle (with 37 elements and black smoke), nitrogen dioxide, volatile organic compounds (30 compounds) and carbon monoxide inhalation exposures and exposurerelated questionnaire data were measured in seven European cities during 1996-2000. The EXPOLIS database has been used for exposure analysis of these pollutants for 4 years now and results have been published in approximately 30 peer-reviewed journal papers, demonstrating the versatility, usability and scientific value of such a data set. The multipollutant exposure data from the same subjects in the random population samples allows for analyses of the determinants, microenvironments and sources of exposures to multipollutant mixtures and associations between the different air pollutants. This information is necessary and useful for developing effective policies and control strategies for healthier environment.
The goals, design and methods used in the EXPOLIS study
Owing to the lack of population-based information on personal exposures to air pollution in Europe, the EXPOLIS study (Air Pollution Exposure Distributions within Adult Urban Populations in Europe) was launched in 1996 as a part of the European Community (EC) Framework program IV for Research and Technological Development. Additional funding was provided by the EC for the study in Czech Republic and by national funders in all centers. The main goals of the study were: (i) to measure personal exposures of population samples of European urban populations to major air pollutants; (ii) to analyze the personal and environmental determinants of these exposures and (iii) to create a European database of these exposures and exposurerelated data for exposure analysis and simulation of population exposures in the current and future scenarios (Jantunen et al., 1998) .
Population samples of adult urban populations were drawn in seven selected cities or metropolitan areas, representing different city sizes and geographical locations over Europe. The study areas were Athens (Greece), Basle (Switzerland), Grenoble (France), Helsinki (Finland), Milan (Italy). Oxford (Great Britain) and Prague (Czech). The field measurements were carried out during 1996-2000 in each center over an approximately 1-year period to integrate over the seasonal variations in environmental concentrations and in population behavior and time activity. The following paragraphs give a short overview of the main features of the study design.
Population Sampling
In each of the cities, personal exposures, microenvironment concentrations and personal time activities were measured from a population sample. A Primary population sample was randomly drawn in each city. Based on a short mailed Screening questionnaire, two smaller subsamples were created. The Exposure sample was recruited for exposure and microenvironment monitoring, including all questionnaires. The Diary sample participated for time activity diary and questionnaire application without exposure or microenvironment monitoring (Figure 1 ). In Athens, Basle, Helsinki, Milan and Prague, the Primary samples were based on a random draw from the working age (25-55 years) city inhabitants (in Prague from limited Region V area only). In Oxford, the primary population sample was drawn from a larger ongoing epidemiological study. In Milan, the Exposure sample was selected from office workers and in Prague both the Exposure and Diary samples were selected from the municipality employees. In Grenoble, an ongoing study on the PM 2.5 exposures and daily symptoms of 40 volunteering asthmatics, 20-60 years of age, was adapted to yield PM 2.5 exposure results, which can be related to the data from other EXPOLIS centers. The response rates and the representativeness of the population samples were analyzed in detail by Rotko et al. (2000b) .
Measurements
Weekday personal exposures of the Exposure sample and microenvironment concentrations at the subjects' home indoors, home outdoors and in workplace were monitored for 48 h. The measured air pollutants included fine particulate matter (PM 2.5 ), its elemental composition (37 elements in total) and black smoke (BS) concentration, carbon monoxide (CO), volatile organic compounds (VOC; 30 target compounds analyzed from all samples and approximately 250 other compounds identified when present in notable amounts) and nitrogen dioxide (NO 2 ; in Basle, Helsinki, Oxford and Prague). Only personal PM 2.5 exposures and their composition were monitored in Grenoble.
The air pollutants were selected based on their health effects, environmental concerns and available reliable monitoring techniques. CO originates especially from traffic and indoor sources and a monitoring technique with continuous logging of levels in 1-min interval is available; thus CO is suitable for representing short-term variations in exposures to traffic exhausts and indoor combustion sources. Many VOC compounds are known to be carcinogenic, odorous and irritating, but also precursors for tropospheric ozone (O 3 ), and useful markers for various emission sources. Fine particles (PM 2.5 ) have the greatest current health concern, and no PM 2.5 exposure studies on representative population samples were reported in Europe so far. PM 2.5 samples also allow for analysis of their elemental composition and assessment of exposures to nonvolatile toxic elements.
Each subject carried a personal exposure monitoring (PEM) case and her/his home inside and outside and workplace were equipped with microenvironment monitors (MEM) for 48 h. The workplace concentrations were measured for the normal working hours at the actual work spot of the subject. The home inside and outside concentrations were monitored from the time when the subject would normally return from work to the time when she/he would normally leave home for work. CO was measured using electrochemical detection and continuous logging of exposures with 1-min interval. CO was not separately measured in the microenvironments. VOC were sampled on a Tenax TA absorbent (Carbotrap in Basle) using a restricted side-flow from the PM sampling line. NO 2 was measured using a passive sampling technique, producing a 48-h average concentration. Weekend exposures were not measured.
To facilitate the analysis of PM 2.5 composition and source attribution, its BS levels were determined optically and elemental composition by energy dispersive X-ray fluorescence (ED-XRF). The PM sampling and analysis techniques are described in more detail by Koistinen et al. (1999) and Ha¨nninen et al. (2002b) ; the elemental analysis of the filter samples by Mathys et al. (2001) , and VOC sampling by Jurvelin et al. (2001a) .
Questionnaires
Four exposure questionnaires/diaries were collected from the study participants: (i) Short Screening Questionnaire, (ii) Core Questionnaire, (iii) Time-Microenvironment-Activity-Diary (TMAD) and (iv) Retrospective Exposure Questionnaire. The Short Screening Questionnaire evaluated the subjects' suitability and intention for participation before the actual field phase of the study. The other questionnaires were applied during the field campaign. The Core Questionnaire covered indoor air quality related characteristics of each subject's home and workplace, as well as commuting, socioeconomic and some exposure-related personal characteristics, such as smoking.
The TMAD defined the EXPOLIS microenvironments and it was used to assess the subject's time use and activities while their personal exposures and microenvironment concentrations were measured. The subject was asked to mark for each 15-min of the day the appropriate microenvironment and activity category. The 11 microenvironment categories in this TMAD were classified as ''in transfer'' (walk/bike, motor cycle, car/taxi, bus/tram and metro/train) and ''not in transfer'' (home in and out, work in and out, other in and out), and activities (cooking, self-smoking and someone smoking in same room). Multiple entries were allowed for each 15 min. The Retrospective Exposure Questionnaire was filled in at the end of the 48-h measurement period addressing specific activities, which may influence personal exposure to some compounds during the measurement period.
Quality Assurance
A quality assurance program was used to minimize any differences between the centers, affecting the comparability of the results, and specifically to ensure quantitatively reliable data. The field procedures were carefully planned, tested and documented in the pilot phase. Quality assurance methods included (i) using identical sampling equipment and (ii) questionnaires according to (iii) standard operating procedures (SOPs) in all centers, (iv) training the field researchers together in common workshops and (v) encouraging daily communication between them during the field phase including the use of cellular phones acquired partly for also this purpose. All international communication and project documentation was conducted in English.
Data Management
All the collected data was stored together with the corresponding ambient pollution and meteorological data in the local EXPOLIS database for further statistical analyses. The EXPOLIS data management procedures were developed in KTL, Finland, in collaboration with other partners. Data management objectives included the following: (i) all data items affecting the final calculated results are stored, (ii) data from all centers are stored, (iii) data storage structure is flexible, allowing later any analyses necessary, (iv) correctness of the data is maximized, (v) data entry tools and procedures are provided and (vi) privacy of study subjects is protected.
A common relational database structure called EXPOLIS Access Database (EADB) was developed using Microsoft (Seattle, WA, USA) Access 7.0 (also known as version -95). Relational database model was selected especially to allow maximum flexibility for data processing. Microsoft Access was selected because of its visual development and end user friendly environment, low software cost and easy availability as part of the most common office software package.
A local database was created for each center. The local database consisted of Access database files for storing data from local Civil Register and other national registers, EXPOLIS time-activity diaries, questionnaires, monitors, laboratory analyses, calibration procedures and environmental conditions as well as data from urban air quality and meteorological measurements covering the field study periods. All data was stored in its primary form and all calculations were performed using the primary data dynamically.
The local data was grouped to be stored in separate database files (Table 1) . Population sample management, questionnaire data and concentration sampling were stored into the local main database. Time-activity diaries were stored in a 15-min time series database, CO data in 1-min time series database, meteorological data in 3-h resolution time series database and ambient air quality fixed station data in 1/24-h database. The averages of environmental variables from the meteorological and fixed station databases were calculated into the Fixedruns database for periods corresponding the microenvironment and personal sampling.
To facilitate updating of the data processing algorithms without changes to the data files, the local database files were split into two functional groups. (i) Data files contained all data tables but no queries, forms or Visual basic modules; (ii) these data processing tool elements were stored in Tool files. The tool databases were then linked to the data files using Access Linked Table Manager. A data integrity protocol was established according to the data security requirements of EU Directive on Protection of 
Individuals with Regard to Processing Personal Data in
Medical and Epidemiological Research. According to this protocol, persons were identified using codes, which cannot be translated back to identity. The database files were secured with user identification and password control and the staff working with the databases in all centers were trained in several common workshops.
After the field phase and local data cleaning in each center, the local databases were collected in KTL and the main results were then collected from the local databases and put into the Combined International EXPOLIS Database (CIDB) (Figure 2 ). Unlike the local databases, CIDB contains only the tables of calculated concentrations. The local databases were run solely in Access-95 environment. The CIDB was created in Access-95 format, but then converted also to Access-97 format. While the local databases require user identification and are password protected, the CIDB is not, allowing easy access to the data. All data allowing identification of subjects have been removed from the CIDB.
The first version of the international database was compiled in late 1999 (v. November 1999) and delivered to the EXPOLIS centers in CD-ROM format. The particulate matter data was updated and the database version two released in 2000 (December 2000). The elemental data was updated again in summer 2002 and the database version three was released in September 2002 (September 2002) . The complete set of EXPOLIS databases contains database documentation (Ha¨nninen et al., 2002a , available also from http://www.ktl.fi/expolis/bb.html), the CIDB database in the two versions as well as copies of all local databases in one CD-ROM disk. Sizes of the data files on the disk are listed in Table 2 .
Review of the published results of the EXPOLIS study Compressed size of the whole CD-ROM is 233 MB (compression ratio 64%).
housing, occupation and commuting related, behavioral and socioeconomic factors to air pollution exposures. Further, using the EXPOLIS database, probabilistic simulation models have been developed to assess the population exposure distributions for specific subpopulations, specific urban areas and selected future scenarios. These analysis have been published, besides numerous conference abstracts, doctoral theses and other publications, in approximately 30 papers in peer-reviewed scientific journals. These papers are shortly reviewed below first for each pollutant and then for the nonpollutant specific topics. Each analysis combines various selected data from questionnaires and personal, microenvironment and ambient measurements. Some of the papers look at differences between the EXPOLIS cities, others perform more detailed analyses within a single city.
The reviewed papers and EXPOLIS data subsets used are summarized in chronological order of publication in Table 3 . Pollutant specific data from each city used in the publications are summarized in Table 4 .
Boudet et al. (1998) analyzed the roles of ambient air and time spent in traffic for personal PM 2.5 exposures measured in Grenoble. A total of 40 adult asthmatic volunteers carried a personal exposure monitor (PEM) case for 48 h. The Grenoble study deviated from the EXPOLIS design by using two PEM pumps and no microenvironment monitoring. One of the PEM pumps was used to collect average 48-h samples, while the subject manually stopped the other one whenever he/she went to outdoors (including traffic). Each subject The EXPOLIS study Ha¨nninen et al. completed the 15-min resolution EXPOLIS time-activity diary, indicating times spent outdoors and in various means of transportation. The results showed that 33% of PM 2.5 mass exposures occurred while outdoors or in traffic. The average exposure levels were 7.3 mg/m 3 indoors and 29 mg/m 3 outdoors and in traffic. The average time spent outdoors or in traffic was 11%. The relationship of ambient PM 10 levels and personal PM 2.5 exposures in Grenoble was analyzed by Boudet et al. (2001) . PM 10 levels were available from one urban background station and one traffic-oriented station. According to the geographical home and workplace locations and the traffic density in the corresponding nearby streets, six proximity models were created for the difference of ambient PM 10 and personal PM 2.5 levels. Go¨tschi et al. (2002) analyzed the residential indoor and outdoor PM 2.5 and BS levels in four EXPOLIS cities, Athens, Basle, Helsinki and Prague. PM 2.5 , and BS levels were lowest in Helsinki, moderate in Basle and remarkably higher in Athens and Prague. In each city, Spearman rank correlation coefficients of indoors versus outdoors were higher for BS than for PM 2.5 .
In a linear regression model (data from all cities), outdoor BS levels explained clearly more of indoor variation (86%) than in the corresponding PM 2.5 model (59%). The authors conclude that BS captures the traffic-, especially diesel, related elemental carbon particles better than PM 2.5 measurement and thus can be used as a cheap additional analysis method to assess concentration of particles of traffic origin. Koistinen et al. (2001) used statistical methods to analyze PM 2.5 exposures and exposure determinants in EXPOLISF Helsinki. The most important single factor affecting exposures was found to be exposure to environmental tobacco smoke (ETS); mean exposure level of ETS-exposed subjects was almost double compared to those not (16.6 vs. 9.6 mg/m 3 ). The mean exposure level of active smokers (exposure to smoking assessed only as ETS) was 31 mg/m 3 .
The mean residential indoor concentrations of non-ETSexposed subjects were lower than those outdoors (levels were 8.2 and 9.5 mg/m 3 , respectively). In simple linear regression models, residential indoor concentrations were the best predictors of personal exposure concentrations, even though the residential concentrations were measured in the EX-POLIS protocol only during the leisure time. Coefficients of determination (R 2 ) between personal exposures of all participants and residential indoor, workplace indoor, residential outdoor and ambient concentrations were 0.53, 0.38, 0.17 and 0.16, respectively.
Multiple regression, using residential indoor and workplace concentrations and traffic density in the nearest street from home as independent variables, explained 77% of the exposure variance of non-ETS-exposed subjects. Stepwise regression without residential and workplace indoor concentrations explained 47% of the exposure variance using ambient concentration and home location as predictors of personal exposure. Wilcoxon and ANOVA tests identified the time of windows kept open during the 48-h measurement period and home location (classified as downtown/suburban high-rise/suburban single houses) as statistically significant determinants of personal exposures. Time spent in traffic, home to work distance, cooking or stove type used at home were not statistically significantly associated to the exposure levels. Rotko et al. (2000a) used similar techniques to analyze relationships between EXPOLIS-Helsinki PM 2.5 exposures and sociodemographic factors. Variation in personal exposures between sociodemographic subgroups was best described by differences in occupational status, education level and age. Lower occupational status, less-educated and younger participants have greater exposures than upper occupational status, more-educated and older participants. Differences in workplace concentrations explained most of the occupational socioeconomic differences. Differences in personal day and night exposures and residential indoor concentrations explained the exposure differences Table 3 , except in the total column and row where they are counts of papers.
The EXPOLIS study Ha¨nninen et al. between age groups. Men had higher exposure levels and higher differences between sociodemographic groups than women. No gender, socioeconomic or age differences were observed in residential outdoor concentrations between groups. In a following work, Koistinen et al. (2004) used principal component analysis (PCA) and PM 2.5 elemental analysis data to identify PM sources from EXPOLIS-Helsinki concentrations. Then, mass reconstruction techniques was used to quantify source contributions for residential indoor and outdoor and workplace indoor concentrations and personal 48-h exposures. Inorganic secondary particles contributed 31 (personal)-46 (outdoors) percents to the PM 2.5 levels. Second highest were primary particles (28-35%) followed by soil particles (16-27%). Besides these source categories, also sea/road salt and detergent sources were identified. Resuspension of soil particles in indoor environments was found to be notable. As the authors concluded, the use of fixed site data in epidemiological studies might lead to underestimation of true exposure-response relationship and respective health effects. Kousa et al. (2002) analyzed the exposure chain of PM 2.5 levels from ambient levels to residential outdoor, indoor and workplace concentrations and personal exposures in Athens, Basle, Helsinki and Prague. Ambient PM 2.5 data was available only from Helsinki, where ambient levels correlated quite well with residential outdoor concentrations (r ¼ 0.90). Highest correlations were found between leisure time personal exposures and residential indoor concentrations. When ETS exposures were excluded, these correlation coefficients varied between 0.72 (Prague) and 0.92 (Basle) between the cities.
Linear regression model built using log-transformed non-ETS residential indoor concentrations from all cities predicted 76% of variation in personal leisure time exposures. Similar model predicted 66% of the day time exposure variation with workplace indoor concentration. Leisure time and workday exposures correlated with each other quite poorly. In the absence of ETS and other significant indoor or personal sources and for nonworking, noncommuting subjects, ambient fixed station levels explained approximately 50% of personal exposure variation. Oglesby et al. (2000a) used EXPOLIS-Basle PM 2.5 levels and elemental data to study validity of ambient PM concentrations as surrogates for personal exposures of ambient origin from different sources. Elemental data was used to estimate PM 2.5 fraction from long-range transport, traffic and crustal origin. Personal PM 2.5 mass exposures were not correlated to corresponding residential outdoor levels (rank correlation 0.07). Long-range fractions of residential outdoor concentrations correlated much better with corresponding personal exposure fractions (rank correlation 0.85) than the traffic and crustal fractions (varying from element to element from 0.12 to 0.53). The finding was consistent with the spatially homogeneous regional pollution and higher spatial variability of traffic and crustal indicators. Thus, the authors conclude that for some source-specific exposures, ambient fixed site data is not the optimal measure.
VOC
Edwards and Jantunen (2001) and Edwards et al. (2001a, b) analyzed the Helsinki VOC data from several aspects. Edwards and Jantunen (2001) focused on benzene exposures only. Observed median levels were for the personal exposures 2.5 mg/m 3 for nonsmokers, 2.9 mg/m 3 for ETS-exposed subjects and 3.1 mg/m 3 for active smokers. Residential indoor levels were 3.1 and 1.9 mg/m 3 for environments with and without tobacco smoke, respectively. Residential outdoor level was 1.51 mg/m 3 and workplace concentrations were 3.6 and 2.1 mg/m 3 (with and without tobacco smoke, respectively).
Multiple stepwise regression identified indoor benzene concentrations as the strongest predictor for personal benzene exposures of those not exposed to tobacco smoke, followed sequentially by time spent in a car, time in the indoor environment, indoor workplace concentrations and time in the home workshop. Relationships between indoor and outdoor microenvironment concentrations and personal exposures showed considerable variation between seasons. Automobile use-related activities were significantly associated with elevated benzene levels in personal and indoor measurements when tobacco smoke was not present. Edwards et al. (2001b) looked at the 30 measured target VOC compounds measured in EXPOLIS-Helsinki. Residential indoor levels were found to be higher than outdoor levels for all other compounds but hexane. Personal exposure levels were lower and workplace indoor concentrations even still lower for compounds that had strong residential indoor sources (D-limonene, alpha pinene, 3-carene, hexanal, 2-methyl-1-propanol and 1-butanol). ETS-exposed participants had significantly higher personal exposures to benzene, toluene, styrene, m, p-xylene, o-xylene, ethylbenzene and trimethylbenzene. ETS-free workplace concentrations were higher than ETS-free personal exposure concentrations for styrene, hexane and cyclohexane. Personal exposures of participants not exposed to ETS were approximately equivalent to time-weighted ETS-free indoor and workplace concentrations, except for octanal and compounds associated with traffc, which showed higher personal exposure concentrations than any microenvironment (o-xylene, ethylbenzene, benzene, undecane, nonane, decane, m, p-xylene, and trimethylbenzene). The observed concentration levels varied from below 1 mg/m 3 to few hundreds or few thousands of mg/m 3 . Highest single levels were observed for m, p-xylene, 2-butoxyethanol and cyclohexane (2779, 2421 and 1512 mg/m 3 , respectively). In their follow-up work, Edwards et al. (2001a) used principal component analysis to identify VOC sources from
The EXPOLIS study Ha¨nninen et al. the Helsinki microenvironment concentration and personal exposure data. Variability in VOC concentrations in residential outdoor microenvironments was dominated by compounds associated with long-range transport of pollutants, followed by traffic emissions, emissions from trees and household product emissions. Variability in VOC concentrations in ETS-free residential indoor environments was dominated by compounds associated with indoor cleaning products, followed by compounds associated with traffic emissions, long-range transport of pollutants and household product emissions. The median indoor/outdoor ratios for compounds typically associated with traffic emissions and long-range transport of pollutants exceeded 1, in some cases quite considerably, indicating substantial indoor source contributions. Jurvelin et al. (2001b) analyzed a carbonyl data set collected in EXPOLIS-Helsinki besides the standard EX-POLIS measurements. Using Sep-Pak DNPH-Silica cartridges, formaldehyde and acetaldehyde exposures and concentrations in the standard EXPOLIS microenvironments were measured for 15 subjects. Observed mean personal exposure levels were 21.4 ppb for formaldehyde and 7.9 ppb for acetaldehyde. Personal exposures were systematically lower than residential indoor concentrations for both compounds, and ambient air concentrations were lower than both residential indoor concentrations and personal exposure levels. The mean workplace concentrations of both compounds were lower than mean residential indoor concentrations. This indicated that residential indoor concentrations are better estimates of personal exposures to these compounds than the ambient concentrations.
In their follow-up work, Jurvelin et al. (2003) looked at all the 16 carbonyl compounds measured in this substudy. Findings for the remaining 14 compounds were similar than those presented in the previous paper for formaldehyde and acetaldehyde; residential indoor concentrations were higher than personal exposures and other microenvironment concentrations, thus driving the personal exposures.
CO
The CO exposures have been analyzed by Georgoulis et al. (2002) in five of the EXPOLIS cities and Bruinen de Bruin et al. (2004a) in detail in Milan. Georgoulis et al. (2002) used two different approaches in the statistical analyses. First, the determinants of log-transformed average 48-h exposures were analyzed using analysis of variance (ANOVA) and multiple linear regression techniques. Secondly, the CO personal exposure corresponding to the specific 15-min time periods when different activities (i.e. ''in transfer'', ''under ETS exposure'', ''during use of gas appliances'') were taking place was calculated and compared using nonparametric tests.
The geometric mean 48-h exposure levels of nonsmoking subjects were 1.68, 0.82, 0.45, 2.17 and 1.50 mg/m 3 in Athens, Basle, Helsinki, Milan and Prague, respectively. Levels for smokers were slightly or substantially higher in all cities but Helsinki. Proportion of smokers was restricted in the population sampling process in all but Helsinki and Milan. The Spearman rank correlation coefficients between ambient and personal 48-h levels varied from 0.33 (Helsinki) to 0.77 (Milan). The coefficient of determination (adjusted R 2 ) in regression models, using the log-transformed 48-h personal exposure as the dependent variable and the independent variables were the ambient concentrations, ETS exposure, exposure to gas appliances and the time spent in traffic, varied from 0.08 (Helsinki) to 0.59 (Milan).
The analysis of short-term (15-min) exposure levels showed that in all cities the time spent in traffic corresponded to the highest personal exposure events. Exposure during time spent outdoors was second in Athens, Helsinki and Milan, but not in Basle and Prague. Time spent indoors resulted on average in the lowest exposure.
Bruinen de Bruin et al. (2004a) studied the CO measurements conducted in Milan in more detail focusing on the contribution of indoor sources on the microenvironment concentration and personal exposure levels. Bruinen be Bruin also calculated running 1-and 8-h average exposures and compared the personal running maxima to corresponding ambient levels. For the 1-h running average, the personal exposures were found to be higher than the ambient levels, indicating that short-term exposure peaks cannot be seen in ambient data.
Bruinen de Bruin et al. (2004a) also calculated proportional contributions of microenvironments to the 48-h personal exposures. It was found that exposures in indoor environments contributed approximately 82% of the total CO exposures. While only 7.5% of time was spent in traffic, the contribution to 48-h exposures was clearly higher, 16%, indicating higher CO levels in traffic. Both ETS and gas cooking were statistically significantly connected to microenvironment concentrations (Po0.05). Multiple linear regression models, using ambient levels and the presence of indoor sources (ETS and gas cooking, yes/no) as independent variables, explained 49, 36 and 89% (adjusted R 2 ) of the microenvironment concentrations in home indoor, work indoor and other indoor, respectively. . Workplace levels were highest in Basle, followed by Prague and Helsinki (36, 30 and 27 mg/m 3 , respectively). Time-weighted average microenvironment exposure model predicted 74% of the personal exposure variation. Regression models using log-transformed residential outdoor and ambient levels and home and workplace characteristics (work location, use of gas appliances and keeping windows open) as predictors explained 48 and 37% of the personal exposure variation. Regression model using only ambient monitoring explained 19% of exposure variation for all centers and only 11% in Helsinki with the largest data set. Rotko et al. (2001) studied microenvironment, behavioral and sociodemographic factors in relationship to personal NO 2 exposures in Helsinki. Differences in exposures were analyzed by comparing subpopulations created by grouping exposures according to behavioral, socioeconomic and demographic factors. Factors associated with statistically significant differences between the population groups were work and residence location, housing characteristics, traffic volume near residence, season and keeping windows open. Exposure to ETS and use of gas stove were also associated with elevated NO 2 exposures, although the latter were rare in Helsinki. Increased education associated with decreasing exposures. Employed men had lower exposures on the average than unemployed men, but otherwise the occupational status did not link to exposure levels. Oglesby et al. (2000b) analyzed the characteristics of the EXPOLIS participants in Basle and in Helsinki for participation bias. Participants of intensive exposure monitoring (exposure sample) were compared to subjects that completed only the questionnaire study (diary sample). The comparison was based on home locations and traffic densities on the nearby street. In Basle exposure study, participants were more likely to live along streets with low traffic volume. Adjusted for sex, age and nationality, an increase of 100 cars per hour was associated with 14% decrease in participation. In Helsinki, the corresponding finding was qualitatively similar but not statistically significant.
Participation Bias

Air Pollution Annoyance
Rotko et al. (2002) compared the perceived air quality to measured PM 2.5 and NO 2 exposures in six cities (Athens, Basle, Helsinki, Milan, Oxford and Prague). The measured microenvironment concentrations and personal exposures were compared to the annoyance levels reported in the questionnaires for home, work and traffic.
A considerable proportion of the adults surveyed was annoyed by air pollution. Female gender, self-reported respiratory symptoms, downtown living and self-reported sensitivity to air pollution were directly associated with high air pollution annoyance score for exposure in traffic, but association for smoking status, age or education level were statistically significant. Population level annoyance averages correlated with the city average exposure levels of PM 2.5 and NO 2 . A high correlation was observed between the personal 48-h PM 2.5 exposure and perceived annoyance at home as well as between the mean annoyance at work and both the average work indoor PM 2.5 and the personal work time PM 2.5 exposure. With the other determinants (gender, city code, home location) and home outdoor levels, the model explained 14% (PM 2.5 ) and 19% (NO 2 ) of the variation in perceived air pollution annoyance in traffic. Compared to Helsinki, in Basle and Prague the adult participants were more annoyed by air pollution while in traffic.
Reporting to Study Participants
Helm et al. (2000) compared reporting procedures used in the German Environmental Survey (Seifert et al., 2000) and the Helsinki part of the EXPOLIS study. Both independently reported personal results in a similar fashion. Apparently, a lot of thought and planning was found to be necessary to produce reports containing a quantity and depth of expert information that is easily and correctly understood by laymen.
Simulation of Population Exposures
Development of probabilistic simulation modeling technique was one of the original goals of the EXPOLIS study (Jantunen et al., 1998) . The Dutch Institute for Public Health and the Environment (RIVM) coordinated the development of worksheet-based framework for building population exposure simulation models. The framework development is described by Kruize et al. (2003) . Kruize et al. demonstrate the modeling environment by presenting two examples.
The first example was built around the EXPOLIS database; PM 2.5 exposures are simulated for Athens, Basle, Helsinki and Prague using a simple microenvironment approach. The model inputs were formed directly from the EXPOLIS measurements in residential indoor, outdoors and workplace. Time-activity distributions were created from the EXPOLIS time-microenvironment-activity diaries; the EX-POLIS population was not divided into any subpopulations. The model outputs roughly predicted the mean exposures in each city and the simulated mean exposures ranked into same order as the observed exposures. The differences between model output and observed distribution were bigger for standard deviation (SD) estimates.
The second example modeled PM 10 exposures of the whole Dutch population. Rural and urban populations were modeled separately and each of them was divided into four age/occupation categories. Indoor concentrations are modeled using constant effective penetration factor. ETS exposures were modeled as an indoor source in each microenvironment. Model outputs were presented for the current situation (including ETS exposures) and for the hypothetical scenario where the ETS exposures are excluded. The results showed that ETS exposures contribute remarkably to the population exposure distribution as was to be expected. The exposures of the highest quartile were approximately doubled with ETS. Ha¨nninen et al. (2003) used the EXPOLIS simulation framework to perform detailed validation and model component evaluation tests using Helsinki PM 2.5 data. Four models were built using different approaches to microenvironment and subpopulation definitions. All models were based on microenvironment concentration distributions observed in the EXPOLIS study. The two simple models did not exclude ETS affected environments from the data and modeled the target population time activity with single beta distributions for each microenvironment. The two more detailed models excluded ETS cases from the data and modeled time activities of employed and nonemployed subpopulations separately. The model outputs were compared to corresponding observed distributions both graphically and numerically. All models compared reasonably with the validation data, but the two detailed models were clearly closer to the observed values especially in the higher percentiles of the population distribution. The population averages were quite close to observed values (e.g. for model 4 both levels were 9.2 mg/m 3 ), but the SDs were slightly underestimated by the simpler models (23-35%). The results showed, as expected, that the microenvironment modeling approach accurately predicted the exposures when the true microenvironment concentration distributions were known.
In their follow up work, Ha¨nninen et al. (2004) developed the microenvironment-based modeling approach further, using the effective penetration factor approach to model indoor concentrations from ambient PM 2.5 concentrations in Helsinki. Three different approaches to model ambient concentrations were tested. Penetration factors were analyzed from the EXPOLIS elemental data using sulfur as a marker for particle fraction of ambient origin. Fourth model was calculated including ETS indoor source. The non-ETS models predicted the mean population exposure level within 5-6% of the observed value; the ETS-included model underestimated the mean by 15%. All models underestimated the highest percentiles slightly and thus the modeled SDs were approximately 30% lower than the observed values.
Bruinen de Bruin et al. (2004b) used the simple microenvironment model approach demonstrated by Kruize et al. (2003) and validated by Ha¨nninen et al. (2003) for PM 2.5 to model CO exposures in Milan. Bruinen de Bruin et al. (2004b) tested different levels of grouping of the EXPOLIS time-activity diary categories to simulate CO exposures with different averaging times. The most detailed microenvironment model used the original 11 diary microenvironments directly. The second approach grouped traffic microenvironments and all stationary outdoor microenvironments together producing five microenvironments (home, work, other indoors, outdoors and traffic). The simplest microenvironment model used only home and workplace microenvironments. Each of these three microenvironment models were run for running maximum exposures for 24-, 8-and 1-h averaging times.
All models predicted the mean population exposure within 711% of the observed value; results for the 24-h averaging time were closest for the 5-and 11-microenvironment models. All models underestimated the population SD by 3-25%. The results demonstrated that the modeling approach can be used even for averaging times below 24 h and that the model is not very sensitive to the number of microenvironments included even in the case of CO, which has much steeper within-city concentration gradients than PM 2.5 . et al. (2004) reported a summary of results for all pollutants measured in Oxford, UK. They found that the exposure levels were in general higher than those observed in EXPOLIS-Helsinki, but lower than those in the all other EXPOLIS cities. They looked also at the correlations for exposure levels of different pollutants; the only statistically significant correlation was found between TVOC and PM 2.5 (for log-transformed data r ¼ 0.41, Po0.05). They concluded that various pollutants cannot be used as markers for each other.
Oxford Results
Lai
Implications for policy and research in Europe
Numerous epidemiological studies have connected air pollutant levels to adverse health effects, including premature mortality (e.g. Laden et al., 2000; Pope et al., 2002) . While there has been much controversy about the accuracy of the exposure estimates used in such studies, and thus in the actual value of the dose-response factors, there is no doubt about the finding itself: current urban levels of air pollution have a statistical connection with complications of health.
It is possible to observe this connection to public health using merely proxies of true exposuresFsuch as ambient air pollution levels measured at fixed monitoring stations within the urban areas under studyFbut any health effect caused by air pollution to a specific individual at a specific time must be caused by the actual personal exposure of this individual.
Development of science-based policies for promotion of public health requires careful analysis of exposures within the population, including emission sources, exposure routes, behavioral determinants and population groups at risk. When information about these critical factors accumulates, also more specific dose-response factors for various pollutants are needed. The strength of the epidemiological doseresponse factors is in the fact that they represent real population in an existing exposure scenario, but they often lack information on the differences between population groups and specificity to causal agents. Since exposures to a specific pollutant vary from subpopulation to another, and various policy options affect these exposures with largely different efficacies, exposure and risk analysis should be carried out in population group level. In the case of particulate matter, the pollutant itself consists of different fractions, with presumably different toxicities, and thus in this case also the dose-response factor should be determined for each of these fractions to allow efficient policy optimizations.
Value of Exposure Databases
Databases with representative data on exposure factors on population level as well as data on actual exposures are necessary to analyze population exposures for efficient management. The published data analyses based on the EXPOLIS database show that the data collection and storage were successful, and that the database has made it possible to extract and combine these data in many different useful ways. The data analysis of the EXPOLIS data is by no means complete. This can been seen clearly from the summaries in Tables 3 and 4 , but also the analyses already performed are not comprehensive and leave room for more detailed or focused analyses of the same data even in scientific sense. Exposure databases can be valuable administrative tools in exposure management even after they have been scientifically completely exploited, as shown earlier by THERdbASE (Hern et al., 1997) .
Documentation of complex data systems is always a challenge. Scientists and analysts need information on the data structures, units of measure and many other things that are not necessarily self-evident from the data itself. Thus, there is a clear need to produce and make available project documents containing this information, allowing the scientists to use the existing and available data to its maximum. Documentation of the EXPOLIS databases, including description of data entry, quality control and processing tools, is available in the Internet (Ha¨nninen et al., 2002a , http://www.ktl.fi/expolis/bb.html).
Indoor Air Pollution
For some pollutants, the personal exposures are driven mainly by pollution of ambient origin. For these, controlling of ambient sources and ambient concentrations is the most effective approach to protect public health. For many others, the indoor pollutant levels are higher than the ambient levels and modify the personal exposures to such extent that it is not possible to protect public health by only looking at ambient environment. These pollutants, like many VOCs, carbon monoxide or fine particles, have significant indoor sources, which raise the concentrations in closed compartments with limited air ventilation to high levels even when the pollutant emission indoors would be small compared to ambient emissions.
The European Commission is currently starting to develop methodologies to control indoor exposures to chemical compounds. Analysis of the total exposures is required to select the pollutants reasonably and new way of thinking is needed to develop means for controlling them. European industry has also expressed increasing concern for conducting high-quality scientific exposure analysis, as it is in their interests to avoid health relevant exposures that may lead to expensive interventions. An example of such research funded by the European industry is the EXPOLIS-INDEX project, where the EXPOLIS time activity, indoor concentration and personal exposure data are used to analyze exposure determinants especially for the indoor environments.
ETS
ETS is known to be an important source for a large number of pollutants. Approximately half of the gross population exposure to fine particles can be attributed to ETSFand this is not even taking into account direct inhalation of tobacco smoke by active smokers. Technically speaking, by far the most efficient way to reduce population exposures to PM 2.5 Fand to many other air pollutants as wellFwould be to abandon smoking. Good results have been achieved by controlling exposures to ETS in North European countries by setting restrictions to smoking in public spaces and workplaces. Problems in exposures of special groups, like restaurant workers or children of smoking parents, still mostly remain.
Exposure Levels Against Current Guidelines
European Commission (EC) has set limit values for pollutant concentrations in the ambient air based on the Framework Directive 1996/62/EC (http://europa.eu.int/comm/environment/air/ambient.htm). Actual limit values have been set for NO 2 , SO 2 , Pb and PM 10 in Daughter Directive 1999/30/EC and limit values for CO and benzene in Daughter Directive 2000/69/EC. Limit values for arsenic (As), cadmium (Cd), mercury (Hg), nickel (Ni) and polycyclic aromatic hydrocarbons (PAH) have been suggested, but they are not set yet. WHO (2000) has set guidelines for slightly larger number of pollutants (Table 5) . In overlapping cases, the values are identical or close to each other in most cases.
For NO 2 , EXPOLIS data is available from four cities (Basle, Helsinki, Oxford and Prague). Population average of personal exposures to NO 2 exceeds the annual EC limit value (40 mg/m 3 ) in Prague (Figure 3 ). The hourly limit value (200 mg/m 3 ) is not exceeded by maximum 48-h exposure in any of the four cities with NO 2 data, but in Basle the observed maximum is very close (184 mg/m 3 ), indicating a high probability of hourly limit value exceedance, and also in Oxford and Prague it is more than half of the limit valueFlevels which must be considered high when the much longer averaging time in the measurement is taken into account. (2004) 14(6) CO data is available from six cities (Athens, Basle, Helsinki, Milan, Oxford and Prague). The 8-h EC limit value (10 mg/m 3 ) is exceeded by the observed 95th percentile in Athens and Prague (Figure 3 ) and by the maximum observed 8-h exposure level in Basle and Helsinki (Table 5) . Even in Milan and Oxford the highest 1-h exposure level is more than double compared to the 8-h limit value. The WHO 1-h guideline (60 mg/m 3 ) is exceeded by corresponding maximum exposures in Athens and Helsinki (Table 5) . CO is a good example of an air pollutant, for which the highest exposures are not at all related to the ambient concentrations.
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Benzene exposures were measured in five cities (Athens, Basle, Helsinki, Oxford and Prague). Population average exceeded EC limit value for annual average benzene concentration (5 mg/m 3 ) clearly in Athens and Prague, and just slightly in Basel. Levels in Helsinki and Oxford are quite close to the limit value as well. Highest observed personal exposures exceed the limit value five-fold in Oxford and more in the other cities (Table 5) .
Particulate matter limit value has been set only to PM 10 particles in Europe, although also PM 2.5 limit values are under consideration. USA Environmental protection agency has set guidelines for PM 2.5 as 65 mg/m 3 (24-h) and 15 mg/m 3 (annual). The EC annual limit value for PM 10 is 40 mg/m 3 , which is not exceeded by the average population PM 2.5 exposure in any of the five cities with personal data (Athens, Basle, Helsinki, Oxford and Prague). Only microenvironment levels are available from Milan, where both the average residential indoor and the average workplace indoor air concentration exceeded the annual limit value. Highest observed personal PM 2.5 exposure levels are two to five times higher than the 24-h PM 10 limit value (50 mg/m 3 ) in all other cities except in Oxford, where the observed maximum is 77 mg/m 3 (being only 1.5 times higher than the limit value; Table 5 ). These results show that a fraction of personal PM 2.5 (and thus also PM 10 ) exposures in all cities exceed the limit value set for the ambient air. It must be noted that when comparing PM 2.5 levels to PM 10 limit values, a higher observed level indicates a sure exceedance, while a level below the limit value does not guarantee that the PM 10 level would not in fact reach the limit. This is due to the fact that by definition all PM 2.5 particles are also PM 10 particles (i.e. smaller than 10 mm in aerodynamic diameter).
The EC limit value for annual PM 10 concentration is lower than the US EPA guideline value for PM 2.5 and thus the limit value requirement is much tighter. On the average, approximately half of the PM 10 particle mass is caused by particles smaller than 2.5 mm (i.e. by PM 2.5 particles). This approximation would imply that the annual EC limit value would correspond to PM 2.5 level of 25 mg/m 3 , less than half of the US guideline. The EC limit value for 24-h PM 10 levels is set first at 40 mg/m 3 , but then reduced to 20 mg/m 3 between 2005 and 2010. The latter level would correspond to approximately 10 mg/m 3 when translated to PM 2.5 particles, a level also tighter than the corresponding US guideline (15 mg/m 3 ). Tight limit values support efficient public health protection, but the observed exposure levels, when compared against these values, indicate that in reality large fraction of the urban European population is exposed to much higher concentrations.
Elemental composition of PM 2.5 is available from five cities (Athens, Basle, Grenoble, Helsinki and Oxford). Annual limit value has been set to lead (Pb; 0.5 mg/m 3 ). Neither average nor maximum observed exposure level exceeded this in any of the cities. In the future, limit value will probably be set also for arsenic (As), cadmium (Cd) and nickel (Ni) (suggested limit values 6, 5 and 20 ng/m 3 , respectively). The average population exposure level exceeds the suggested arsenic limit value in two cities (Athens and Grenoble) and maximum personal exposure level in all five cities. The average exposure levels exceed the suggested cadmium limit value in three cities and the maximum personal exposures exceed it 6-10-fold in all cities. There was a large variation in the cadmium blank values and it is possible that the observed differences between the cities are caused by the variability in the blank filter contamination and thus the cadmium results were not included in Table 5 . It seems probable, however, that the suggested cadmium limit value is exceeded in many of the cities. The average exposure levels are below the suggested nickel limit value in all cities, but the maximum personal level exceeded it in Oxford.
All these exceedances indicate that during the 1996-1999 situation, population exposures to these substances were considerable and that there indeed is a need to control these exposures. Analysis of total exposures and corresponding new control strategies are needed besides ambient air guidelines and limit values to ensure also safe and healthy indoor environment for the urban populations.
Traffic as a Emission Source and an Exposure Microenvironment
During the last few decades tremendous progress has been achieved in lowering industrial and energy production emissions. At the same time the traffic, especially road traffic has continued to increase. While auto industry has been able to continuously provide new models with lower emission rates, the increase in the traffic volume and ageing car fleet have kept the total emission levels quite high. Since traffic is by nature distributed evenly to the areas where most people are, the emission-to-exposure ratio, the so-called intake fraction (Bennett et al., 2002) , is high. The determinant analysis conducted this far on PM 2.5 , its elemental composition, BS and VOC exposures in the EXPOLIS study have been able to indicate traffic originating fractions of the exposures. The PM 2.5 exposure level while in traffic seems to be in average two times higher than the overall average exposure level. About half of the total exposure to trafficgenerated fine PM appears to be acquired while commuting. Thus time spent in road traffic is an important determinant of personal exposure levels.
Exposure to traffic-generated pollutants occurs of course also while persons are not in the traffic themselves. As the time spent in traffic is typically something like 5-10% of the total daily time, a substantial fraction of traffic-originating exposures occurs outside traffic. Traffic-generated pollutants infiltrate indoors and this can be controlled by building design, ventilation systems and separating the occupied indoor spaces from direct influence of vehicles by, for example, using detached garages.
The role of long-range transported pollution has been acknowledged for a long time. The contribution of traffic to the formation of the long-range transported pollution, however, has not been clearly separated from industrial and natural emissions. As more than half of the PM 2.5 concentrations in Europe are caused by long-range transportation, it is very important to attribute this exposure fraction to sources. When emissions are looked at local scale, it appears to be clear that industrial emissionsFwith high emission height and efficient emission controlsFare no longer important for exposures locally, but this might not be true for long-range-transported pollution. Also, the role of emissions in developing countries or in Eastern Europe might prove to be significant contributors to exposures in Europe and they might be among the most cost-effective targets for exposure controls.
Sensitive Population Groups
Exposure analysis is achieving the required level of sophistication to produce exposure estimates for specific population groups, including elderly, infants and persons suffering from a specific disease, like lung or heart conditions. When alternative and often expensive environmental policy scenarios are compared, it is essential to look at their efficiencies in reducing population exposures especially in those subpopulations where the burden of adverse health effects is the highest. If this analysis is based on centrally monitored ambient air quality data only, and dose-response factors obtained for the general population, non-optimal policy may be selected. To allow the risk analyst to use subpopulation-based exposure analysis efficiently, they should have available dose-response factors that would be specific to the target groups. The epidemiological studies are coming out more and more with this kind of information, but still much remains to be done in both epidemiology and toxicology.
Mixtures of Pollutants
During the past decades, air pollutant control mechanisms have been established using guideline levels for concentrations in occupational and ambient environments. Such guidelines might prove useful also for nonoccupational indoor environments, but because of the diversity of such environments, controlling the prevailing levels is not straightforward. Thus probably also other indoor air quality management approaches must be developed.
The guidelines are set for specified pollutants (WHO, 2000) . When they are used, the concentration of the target pollutant is compared to the guideline level, taking into account the correct averaging time. This procedure does not account for health stress from multiple pollutants at the same time. Multiple stressors are taken into account in the epidemiological studies, where the total observed health effect is attributed to the explaining variables; there is no guarantee that the effects would be attributed to the correct causes, but the total effect of multiple stressors is seen. When guidelines are set, the scientific evidence used as background information may well include data on effects caused together with coexisting pollutants to some extent. In a given situation, however, dozens of air pollutants occur together and contribute to the health stress in synergetic or additive ways. For example, the analysis of the EXPOLIS data shows that the same subjects are typically exposed to high levels of many pollutants. New techniques and approaches are needed to study the effects of these multiple stressor exposures. New information is needed to create control mechanisms to protect the public in situations where the concentration of each single pollutant is below the guideline, but the combination of these pollutants poses a risk to the health.
Conclusions
Production and availability of population-based exposure data for exposure analysis has been a high priority goal for exposure research during the last decade. Such data is needed for development of efficient exposure control and reduction strategies: when a pollutant has multiple routes of exposures, the dominating route (s) should be controlled first. In cases of multiple emission sources, reductions should be focused on the sources contributing most to the exposures. The roles of different routes and sources should always be analyzed before making decisions about costlyFor otherwise harmfulFinterventions.
The TEAM studies (e.g. Wallace et al., 1987; Ö zkaynak et al., 1996) and the NHEXAS research program (Lioy and Pellizzari, 1995; Pellizzari et al., 2001 ) have produced such data in the US and databases have been made available to support maximal use of these data collected using public funds. The current work describes the development and content of the first European multipollutant, multicenter exposure database focusing on inhalation exposures. A European database was created, combining questionnaire, air concentration and exposure data from seven cities collected during 1996-1999. The database structures are described in the project document Ha¨nninen et al. (2002a) and in the current paper. The EXPOLIS databases are collected on a single CD-ROM disk containing both the local databases from each of the study centers as well as the combined CIDB with the main results.
The multipollutant exposure data from the same subjects in the random population samples allows for analyses of the determinants, microenvironments and sources of exposures to multipollutant mixtures. Almost 30 papers have been published in peer-reviewed journals presenting data analysis results of the EXPOLIS data. These papers, reviewed shortly in the current paper, prove the usability of the EXPOLIS database and demonstrate many aspects of data analysis that can be conducted using the data.
EC pursues to develop guidelines for new pollutants, including PM 2.5 , and methodologies to control exposures to pollutants and chemicals with significant indoor sources. The collected exposure data in the EXPOLIS database should, can and will be used to support these processes among other available tools and exposure analysis techniques.
